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Chapter 1 
Introduction 
1.1 Objective 
In recent around 10 years, optical communication network has increased its transmittable 
capacity very rapidly at a rate more than 1-digit in 10 years.1,2) One of the key technologies 
realized is wavelength division multiplexing (WDM)3), which multiplexes multiple optical 
signals with different wavelengths on an optical fiber. It requires various waveguide-type 
optical control devices to control multiple optical signals3-6). Moreover, optical control 
devices must be able to handle signals in the form of light, without changing them to the 
form of electric signals, in order to realize high-speed optical communication. For that 
purpose, technology to control the refractive index of waveguide-type devices is very 
important. 
In order to realize high-capacity optical communication, the number of wavelengths that 
can be sent by one optical fiber must be increased. However, the number of transmittable 
wavelengths in an optical fiber is limited by various reasons such as dispersion of the fiber. 
The maximum number of transmittable wavelengths in an optical fiber at present is 273 
channels.7) On the other hand, further increase in signal speed to the rates above 10 Gbit/s 
have problems such as polarization mode dispersion, polarization dependent loss, and 
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differential group delay.8-13) The author of the present thesis paid attention to the fact that 
polarization of light can be controlled using the anisotropy of refractive index or 
birefringence. To increase the refractive index of silica glass, an important material for 
optical devices, irradiation by ultraviolet light and electron or ion beam can be used.14-17) 
Among these methods, the increase in refractive index induced by ion implantation is due to 
the densification of implanted regions, while that induced by ultraviolet irradiation is due to 
the increase in the number of point defects and the resultant increase in optical 
absorption.18,19) The former increase in refractive index by ions induced in silica glass is 
about 100 times as high as the latter increase by ultraviolet irradiation.20) While the UV 
irradiation method is applicable only to special silica glasses containing Ge, the ion 
implantation method does not have such limitation. This means that refractive index can be 
increased not only in the core but also in the cladding of a silica-based waveguide. 
Furthermore, the ion irradiation method has the following merits, (1) Ions can be implanted 
at arbitrary depths by controlling the acceleration energy. (2) The ion fluence can be 
controlled precisely by monitoring the beam current. (3) Irradiation effects can be properly 
controlled by selecting the ion species, acceleration energy, and fluence. 
As mentioned above, ion implantation is attractive as a method to increase the refractive 
index of a waveguide-type optical control device. However, its fundamental physics such as 
  3
the relation between the increase in refractive index and the fluence of ions implanted into an 
optical fiber has not been clarified yet. From this viewpoint, the present research focused its 
attention on the clarification of the relevant basic properties and their mechanisms. In Chapter 
2, the mechanism of the increase in refractive index will be discussed through quantitative 
measurements of the relation between the ion-implantation-induced birefringence and the ion 
fluence. In Chapter 3, fabrication of a depolarizer using the proton-induced birefringence 
described in Chapter 2, to decrease the polarization dependence of a waveguide-type optical 
control device, and its evaluation will be carried out. 
Chapter 4 will explain that the polarization dependent loss appearing in a planar 
lightwave circuit (PLC) consisting of curved waveguides can be reduced using the 
ion-implantation-induced birefringence. In Chapter 5, successful control of the property of a 
PLC-type directional coupler through the ion-implantation-induced increase in refractive 
index of silica cladding between two cores will be described. Lastly, Chapter 6 summarizes 
important results found in this research and describes the author’s view on future scope. 
 
1.2 Optical Communication Systems 
Modern optical communication, started in the 1960s, was improved steadily, and realized 
very low loss around 0.2 dB/km, close to the theoretical limit at 1550 nm in silica-based 
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optical fiber in 1979. Figure 1.1 shows various origins of transmission loss in silica-based 
optical fiber.21) The optical communication system has also been improved in order to 
increase the transmission capacity. Important steps are, (1) development of an optical 
communication system at 850 nm utilizing multi-mode optical fibers, (2) development of an 
optical communication system at 1300 nm, which lowered the transmission loss to 1.0 
dB/km, (3) development of an optical communication system at 1550 nm, the wavelength at 
which the transmission loss is minimum, (4) development of a system, by which multiplexed 
optical signals can be transmitted using an optical amplifier.1,2,22-24) 
Figure 1.2 indicates images explaining the multiplexing methods. There are many 
methods of multiplexing optical signals such as time division multiplexing (TDM)25-27), 
frequency division multiplexing (FDM)28-30), space division multiplexing (SDM)31-32), and 
wavelength division multiplexing (WDM) 4,5,33). In the WDM system shown in Fig. 1.2(d), 
optical signals with different wavelengths are transmitted through one optical fiber. Since the 
transmission capacity can be increased without constructing new optical fiber routes, WDM 
is widely used in the world. 
To transmit light, it is necessary to confine the light into a material. Figure 1.3 shows 
structures of a step-index-type optical fiber (a) and a planar lightwave circuit (b), together 
with their refractive index profiles. The waveguide consists of a core and a cladding. A typical 
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optical communication network consists of light sources to send optical signals, waveguides 
to propagate them, and receivers to receive them. Here, only waveguide-type optical control 
devices necessary to the WDM system are mentioned. The WDM system requires various 
waveguide-type devices such as add-drop modules, optical filters, optical switches, and 
optical amplifiers. Arrayed waveguide gratings (AWG)34-37), optical isolators38-41), optical 
circulators41-45) shown in Fig. 1.4, and directional couplers are typical add-drop modules. 
Among them, directional couplers are explained in Chapter 5. 
Figure 1.5 shows schematic structures of a long period grating (a) and a Bragg grating (b). 
The two gratings work as optical filters. A long period grating46-48) has periodic portions with 
a high refractive index at spatial intervals of 200 - 500 µm, which couple light of a guided 
mode to that of a cladding mode. Therefore, guided-mode light at selective wavelengths 
would disappear. Its main application is a gain-equalizer used in optical amplifiers.49-50) A 
Bragg grating51-54), with periodic portions with a high refractive index at about 0.5-µm 
intervals, can reflect only the light with the wavelength that satisfies the Bragg condition. 
Using an optical-fiber type Bragg grating with a length of several centimeters, the light can be 
reflected perfectly.55) 
 
1.3 Ion Implantation into Silica Glass 
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Phenomena induced by implantation of ions into a substance depend on various 
conditions. For example, the effects of ion implantation depend on the acceleration energy as 
shown in Fig. 1.6 for a fixed combination of substance and ions. When the acceleration 
energy is below a few hundred eV, the accelerated ions adhere to the surface of the substance 
without penetrating deep in the substance because the collision cross-section is very large. In 
case of the acceleration energy from a few hundred eV to several dozen keV, the ions give a 
great damage near the surface, because the collision cross-section of ions is similar to the 
effective cross-section of constituent atoms. When the acceleration energy is above several 
dozen keV, the collision cross-section of ions just after the implantation is so small that ions 
can penetrate deep in the substance without giving much damage on the surface. Therefore, 
implantation effect appears inside the substance. 
In the present research, it is desirable that the ion implantation effect appears in the 
regions a few µm or/and several dozen µm deep from the surface in silica glass. When ions 
are implanted with a high acceleration energy as shown in Fig. 1.6(c), they lose their energy 
mainly by elastic collision with nuclei and inelastic collision with electrons, and they stop 
after penetrating the glass to a certain depth. Figure 1.7 shows a typical distribution of ions, 
and the normalized nuclear and electronic stopping powers calculated by the Monte Carlo 
method using SRIM200856), when H and O ions were implanted at an acceleration energy of 
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1.6 MeV into a silica glass with a density of 2.2 g/cm3. From Fig. 1.7, the projected ranges are 
32.8 and 2.2 µm for H and O ions, respectively. The nuclear stopping power in silica glass is 
maximum near the projected range in both cases of H and O ions as shown in Fig. 1.7(c). On 
the other hand, the electronic stopping power becomes maximum near the projected range for 
light H ions, while it becomes maximum at the surface for heavy O ions as shown in Fig. 
1.7(d). The implantation condition has to be determined carefully in consideration of these 
facts. 
Figures 1.8 (a) and (b) show schematic structures of quartz and silica glass.57-59) In quartz, 
Si and O form 6-membered networks. On the other hand, they take a locally stabilized 
non-crystalline structure in silica glass with 3- to 6-membered networks. If ions were 
implanted into non-crystalline silica, the bond angle ?Si-O-Si decreases and the Si-O bond?
breaks as shown in Fig. 1.8(c).19,60)  
Since densification is induced along ion-implanted regions in silica glass, the refractive 
index increases according to the following Lorentz-Lorenz relation,61,62) 
( )( )2 21 2
6
n n Vn
n V
− + ∆∆ = − ,         (1.1) 
where n and V is the refractive index and the volume, respectively. 
? ? Figure 1.9 shows optical microscope images of side surfaces of ion-implanted SiO2 glass 
implanted by O4+ ions with a fluence of 1 × 1014 cm-2 at an acceleration energy of 18 MeV (a) 
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and by H+ ions with a fluence of 1 × 1017 cm-2 at an acceleration energy of 1.7 MeV (b).62) In 
both images, the implanted regions are bright, which indicates the increase in refractive index. 
Figure 1.9 also shows that the light ions are adequate to increase the refractive index at 
positions away from the surface, while heavy ions are necessary to increase the refractive 
index near the surface. 
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Figure 1.1  Various origins of transmission loss in silica-based optical fibers21). 
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Figure 1.2  Schematic images of (a) time, (b) frequency, (c) space, and (d) wavelength 
division multiplexing for optical communication systems. 
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Figure 1.3  Cross-sectional images of a typical optical fiber (a) and a planar lightwave 
circuit type waveguide (b), and their refractive index profiles. 
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Figure 1.4  Schematic structures of an arrayed waveguide grating (a)37), an optical isolator 
(b), and an optical circulator (c). 
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Figure 1.5  Schematic images of optical fiber type long-period grating (a) and Bragg 
grating (b). 
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Figure 1.6  Implantation effect as a function of acceleration energy; below a few hundred 
eV (a), from a few hundred eV to several dozen keV (b), and above several dozen keV (c). 
Sizes of electron clouds and ions indicate their effective cross sections. 
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Figure 1.7  Distributions of H ions (a) and O ions (b) implanted at an acceleration energy 
of 1.6 MeV into silica glass with a density of 2.2 g/cm3, together with their normalized 
nuclear stopping powers (c) and electronic stopping powers (d). 
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Figure 1.8  Schematic structures of quartz (a), silica glass (b), and silica glass after ion 
implantation (c). 
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Figure 1.9  Optical microscope images of the side surfaces of ion-implanted SiO2 glass 
irradiated by O4+ ions with a fluence of 1 × 1014 cm-2 (a) and by H+ ions with a fluence of 
1 × 1017 cm-2 (b)62). 
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Chapter 2 
Birefringence in Optical Fibers Formed by Proton Implantation 
 
 
Abstract 
Birefringence can be induced in silica-based optical fibers by ion implantation. In the 
present research, protons were implanted in single-mode optical fibers with two different 
energies, one being the energy with which the protons can just reach the center of the optical 
fiber core and the other being a slightly lower energy. The degree of birefringence was 
evaluated by measuring reflection spectra of Bragg gratings formed at the proton-implanted 
region of the optical fibers. The results confirmed that birefringence is induced by 
unidirectional densification along the projected range of protons formed in the fiber core and 
by densification of the fiber cladding. The induced birefringence reached three to ten times 
higher than that of a conventional birefringent fiber. The birefringence caused by ion 
implantation can be a versatile tool for manufacturing various optical fiber devices. 
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2.1   Introduction 
Birefringence is a phenomenon in which the refractive index of a medium changes in 
accordance with the oscillating direction of the electric field of light propagating through the 
medium having optical anisotropy. Change in propagation speed and rotation of a plane of 
polarization caused by birefringence are used for polarization control. For example, 
birefringent optical fibers such as Panda-type, Bow-tie, and Elliptical-type fibers are used for 
polarization maintenance and/or depolarization of light propagating in the optical 
communication devices.1-4) These fibers are also used for coherent optical communication 
systems5,6) and optical fiber type sensors7,8). 
Two methods of forming the birefringence in an optical fiber are generally used. One is 
giving anisotropy stress to the core of an optical fiber. The other utilizes two different 
propagation modes in an elliptical core. These methods, however, have difficulties in 
formation of birefringence at a small part of optical communication devices made with optical 
fibers and/or planar optical waveguides. 
It has been reported that ion implantation in silica-based optical fibers causes 
densification at the region where the implanted ions stop.9,10) Accordingly, if ions are 
implanted to a silica-based optical fiber, the refractive index of the fiber core will change 
because of the densification. In this research, the author examined formation of birefringence 
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by proton implantation to an optical fiber and showed that the degree of birefringence can be 
controlled by changing the projected range and fluence of protons. 
 
2.2   Experimental Procedure 
A single mode optical fiber (Corning SMF-28) with a silica cladding and a Ge-doped 
silica core was used as a sample. The radii of the core and the cladding were 4.5 and 62.5 µm, 
respectively. Protons were implanted into the optical fiber using an ion accelerator (Pelletron) 
in AIST. Two implantation conditions were employed to form birefringence in the core. One 
is that the projected range of the implanted protons in the optical fiber is equal to the radius of 
the optical fiber. In this case, the protons are implanted to the semicircular region including 
the center of the core. The other one is that the projected range of the protons does not reach 
the core and the protons stop within the cladding, causing densification around there. In this 
case, the protons are irradiated to the optical fiber from the two opposite directions. To 
achieve these conditions, acceleration energy of 2.4 and 2.25 MeV were chosen. The 
projected range of the 2.4-MeV protons in the optical fiber is 62.5 µm that is equal to the 
radius of the optical fiber, and that of the 2.25-MeV protons is 56 µm that satisfies the 
above-mentioned condition that the protons stop within the cladding. 
Bragg gratings were formed at the ion-implanted part of the optical fiber in order to 
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investigate the degree of birefringence quantitatively. The Bragg gratings reflect light whose 
wavelength satisfies the Bragg reflection conditions shown in eq. (2.1) by the periodic 
refractive index modulation formed in the optical waveguide core along the propagation 
direction of light.11) 
λB =2nΛ ,        (2.1) 
where Λ is the period of the grating, n the effective refractive index of the core, and λB the 
Bragg reflection wavelength. A Bragg reflection spectrum widens with an increase in 
birefringence.12) Accordingly, the induced birefringence was estimated by measuring the 
width of the reflection spectrum. In the present experiment, Bragg gratings of Λ = 0.53 µm 
were formed by the phase mask method11). An Ar-ion laser operated at the second harmonic 
generation mode (244 nm, 300 mW) was used as a light source to form the gratings. Bragg 
reflection spectra were measured using an optical spectrum analyzer (Ando, AQ6317B). 
 
2.3   Results 
Figure 2.1 shows microscopic images of the cross sections of the optical fibers in which 
protons were implanted with the acceleration energies of 2.25 MeV (a) and 2.4 MeV (b), 
observed using a polarization microscope. In the optical fibers, the portions where the 
implanted protons had stopped appeared as bright semicircles as can be seen in Fig. 2.1. This 
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is due to the densification by the implantation. The densification causes increase in refractive 
index, and therefore, the incident light from the backside of the optical fiber propagates within 
the densified portion. As a result, the implanted region looks bright. The dark portions seen at 
the edges of the cross-sections are cracks formed by cleaving the optical fibers. As can be 
seen in Fig. 2.1, a symmetrical densification on both sides of the core was formed by the 
2.25-MeV proton implantation, while densification acrossing the core was formed by the 
2.4-MeV proton implantation. 
Curve a shown in Fig. 2.2(a) indicates the reflection spectrum of the Bragg gratings 
formed in the optical fiber without the proton implantation, while curves b and c are reflection 
spectra observed for the optical fibers in which the 2.25-MeV protons had been implanted 
with total fluences of 1.6 × 1016 cm-2 and 3.2 × 1016 cm-2, respectively. Curves a - c shown in 
Fig. 2.2(b) are similarly obtained reflection spectra using the 2.4-MeV protons with total 
fluences of 0 (= no implantation), 1.6 × 1016 cm-2, and 4.8 × 1016 cm-2, respectively.  
As can be seen in Fig. 2.2, the Bragg reflection peaks shift to the longer wavelength side 
with the ion implantation. The shift means an increase in the average refractive index of the 
core as indicated in eq. (2.1). Furthermore, the proton implantation widens the Bragg 
reflection spectra indicating that the implantation induces birefringence in the core. 
The degree of birefringence (∆n) can be estimated from the width of the spectrum as 
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Λ
−=∆
2
acn λλ ,        (2.2) 
where λc and λa are the widths of the spectra of the proton implanted optical fiber and the 
non-implanted optical fiber at 5 dB lower than their peaks, respectively. 
Figure 2.3 shows the correlation between the total fluence and the degree of 
birefringence. The inset indicates the data surrounded by the dotted box in the figure. The 
birefringence increases with the ion fluence. The obtained maximum birefringence by the 
2.4-MeV proton implantation was 1.4 × 10-3, which was three to ten times larger than the 
reported birefringence in conventional PANDA birefringent fibers1,2,13). 
 
2.4  ? Discussion 
When protons were implanted with the acceleration energy of 2.25 MeV, the densified 
region is formed only in the cladding as seen in Fig. 2.1(a), and birefringence was induced by 
the implantation as shown in Fig. 2.3. This result means that the birefringence is due to the 
stress yielded in the densified region in the cladding. The densified region is formed both in 
the core and the cladding when protons were implanted with the acceleration energy of 2.4 
MeV. In this case, birefringence is generated not only by the stress due to the densification in 
the cladding but also by the refractive index increase due to the densification in the core. 
To estimate the degree of birefringence due to the stress, the following are assumed for 
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the densification induced by the implantation. There is no distribution in the projected ranges 
of implanted protons and the densification is uniform. The densified region pulls the 
circumference. Birefringence induced in the core by the stress decreases exponentially with 
the distance between the densified region and the center of the core.1) In the calculation, the 
coordinate system shown in Fig. 2.4 is used, where R and li are the radius of the cladding and 
the projected range of protons, respectively. The angle between the y-axis and the line that 
connects an arbitrary point A at the densified region and the center of the core O is indicated 
as θO, while the one between the y-axis and the line that connects points A and I is indicated 
as θI. The point I is the center of the circular arc drawn by the densified region. Assuming that 
the stress per unit length of the densified region is pA, the stress pO at the point O applied by 
an unit densified region A is expressed as 
)exp( aAO λ
lpp −= ,?        (2.3) 
where λ is the characteristic distance at which the stress pA becomes 1/e and la is the distance 
between the point O and the point A. From Fig. 2.4, since the proton implanted region is 
symmetrical with respect to the y-axis, it is enough to consider the region of 0≤x , i. e. 
0O ≥θ . Therefore, the range of θΙ that should be considered is 
Imax
i1
I 2
cos0 θθ =⎟⎠
⎞⎜⎝
⎛≤≤ −
R
l .? ?       (2.4) 
The value of la is expressed as 
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( ) Ii2i2Ia cos2 θθ RllRl −+= .?  ?  (2.5) 
The relation between θO and θI is 
( )Ia
I
O
sinsin θ
θθ
l
R= ,        (2.6) 
and 
( )Ia
II
O
coscos θ
θθ
l
lR −= .        (2.7) 
From eqs. (2.3), (2.5) - (2.7), the tensile stress POx at the core in the x direction and POy 
in the y direction are respectively expressed as 
( )∫ −= ImaxImin IIa IIaA2O
sin))(exp(2
θ
θ θθ
θ
λ
θ d
l
lpRP x      (2.8) 
and 
( )∫
−−= Imax
Imin
I
Ia
i
IIa
A
2
O
cos
))(exp(2
θ
θ θθ
θ
λ
θ d
l
R
l
lpRP y .   (2.9) 
Since POy is always positive regardless of the location in which the densification portion is 
formed, the absolute value in eq. (2.9) is applied. The stresses POx and POy calculated 
respectively using eqs. (2.8) and (2.9) for each proton projected range and normalized by 
2RpA are shown in Fig. 2.5. Here, λ was assumed to be 10.56 µm, which is the value of a 
PANDA fiber.1) The difference between the normalized POx and POy is also indicated by curve 
c in Fig. 2.5. From the result, it can be seen that the tensile stress by the densification in the 
cladding perpendicular to the implantation direction is dominant at the projected ranges 
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between 50 and 67 µm. Since birefringence is induced along the tensile stress direction,1) 
birefringence in the x direction is induced in the above-mentioned range. 
From Fig. 2.5, the normalized difference between POx and POy in the case of the acceleration 
energy of 2.4 MeV was 3.5 times larger than that in the case of the acceleration energy of 2.25 
MeV. It indicates that the birefringence by the tensile stress by the 2.4-MeV proton 
implantation is 3.5 times larger than that by the 2.25-MeV proton implantation at the same ion 
fluence. Furthermore, in the case of the 2.4-MeV proton irradiation, birefringence due to the 
densification in the core is also expected. The direction of this birefringence is the same as 
that by the tensile stress. However, as can be seen in Fig. 2.3, the degrees of birefringence 
induced by the 2.4-MeV protons with total fluences of 8 × 1015 cm-2 and 1.6 × 1016 cm-2 were 
only two times larger than those induced by the 2.25-MeV protons with the same fluences, 
which are smaller than the values expected from the calculation. The difference between the 
experimental result and the calculation is mainly due to the ion distribution, which was not 
taken into account in the calculation. However, ions in the actual implantation are scattered, 
which causes a distribution in the projected range. 
It turns out that the birefringence induced by the 2.4-MeV proton is 10 times larger than 
the birefringence induced by the 2.25-MeV protons at the total fluence of 3.2 × 1016 cm-2. 
This is larger than the value expected by the calculation. That is, densification in the core 
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progresses with the increase in the fluence, and the degree of birefringence by the 
densification becomes dominant.  
As mentioned above, the birefringence induced by ion implantation is larger than the 
conventional method. The ion fluence required to induce the maximum birefringence of 1.4 × 
10-3 in the present experiment was 4.8 × 1016 cm-2, which can be achieved by the irradiation 
of a 1-µA/cm2 proton beam for 7.68 × 103 s. Such a beam can be easily obtained by currently 
available ion accelerators. If the beam current can be increased or the ion beam can be 
focused more on the optical fiber, the processing time can be decreased. Therefore, the present 
method has good feasibility as a fabrication method of birefringence to an optical fiber. 
Furthermore, in the present method, the degree of birefringence can be controlled by choosing 
the ion fluence and the ion implantation part. Moreover, this method can induce birefringence 
not only in an optical fiber but also in a planar lightwave circuit. Therefore, it is expected to 
be a method that produces more compact and more efficient optical fiber devices. 
 
2.5   Conclusions 
Proton implantation induces birefringence in optical fibers. The birefringence is induced 
by the stress due to the densification in the cladding and the refractive-index increase in the 
core due to the densification in the core. By the present research, it was found that the 
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extremely large birefringence is induced when the projected range of proton was equal to the 
radius of optical fiber. The induced birefringence reaches three to ten times higher than that of 
the conventional birefringence fibers. This birefringence formation method is expected to 
contribute toward the improvement of optical devices that control the polarization of light. 
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Figure 2.1  Microscopic images of the cross-sections of the optical fibers in which protons 
were implanted with the acceleration energies 2.25-MeV (a) and 2.4-MeV (b), observed using 
a polarization microscope. 
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Figure 2.2  The two curves denoted as a in (a), (b) indicate reflection spectra of Bragg 
gratings in the optical fiber without implantation. Curves b and c indicate reflection spectra of 
Bragg gratings in the proton implanted optical fiber with the total of fluences of 1.6 × 1016 
cm-2 and 3.2 × 1016 cm-2 in case that the acceleration energy was 2.25-MeV (a) and with the 
total of fluence of 1.6 × 1016 cm-2 and 4.8 × 1016 cm-2 in case that the acceleration energy was 
2.4-MeV (b). 
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Figure 2.3  Relation between the total ion fluence and the degree of induced birefringence 
(symbols triangle and circle, respectively indicate the degrees of birefringence when the 
optical fiber was implanted by the acceleration energies of 2.25-MeV and 2.4-MeV). 
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Figure 2.4  Geometric relation between the projected range li and the densified region of the 
cross-section of the optical fiber after implantation. 
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Figure 2.5  Change in the normalized tensile stress as a function of projected range li (curves 
a, b, and c indicate Pox, Poy, and the difference of Pox and Poy, respectively). 
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Chapter 3 
Optical Fiber Depolarizer Using Birefringence Induced by 
Proton Implantation 
 
 
Abstract 
An optical fiber depolarizer was developed utilizing birefringence that was induced by ion 
implantation into a silica-core optical fiber. The implanted ions were protons, and their 
acceleration energy was chosen such that the protons reach only the center of the optical fiber 
core. To evaluate the depolarization effect, the degree of polarization was measured for 
various transmitted polarized lights with different polarization states. Several 
proton-implanted fibers were spliced, holding their slow axes at a mutual angle at which the 
degree of polarization was lowest. As a result, an optical fiber depolarizer that can reduce the 
degree of polarization of incident light up to 0.6 × 10-2 was obtained by splicing three 
ion-implanted optical fibers. 
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3.1   Introduction 
A random change in the polarization state of a signal light propagating in an optical fiber 
causes various problems in optical devices such as optical fiber sensors and optical 
communication systems.1-3) For example, the output signal of an optical fiber Sagnac 
interference vibration sensor depends on the polarization state of a propagating light and the 
gain of a Raman amplifier depends on that of a pumping light from a laser diode.1,4) As a 
countermeasure, a depolarizer is inserted right after the laser diode in order to randomize the 
polarization state of the propagating or incident light.4,5) For such depolarizers, those of the 
optical fiber and crystal types are used.6-8) Although the crystal type is effective for a linearly 
polarized light and is suitable for insertion right after a pump laser diode, its insertion causes 
optical losses inevitably and linear polarization must be maintained until the light reaches the 
crystal depolarizer. In such a case, an optical fiber depolarizer is used. One example of this is 
the Lyot-type depolarizer, in which two polarization-maintaining and absorption-reducing 
(PANDA) fibers with a length ratio of 1:2, are spliced, holding the mutual angle of each slow 
axis at π/4 rad.6) Although the Lyot-type depolarizer has a strong depolarization effect and its 
insertion loss is small, it has poor thermal stability.8) 
It has been reported that ion implantation into silica-based optical fibers increases their 
refractive index owing to the densification of the implanted portion.9,10) In Chapter 2, the 
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author reported that birefringence is induced in Ge-doped optical fibers by proton 
implantation.11) In this chapter, the author examines the possibility of fabricating optical fiber 
type depolarizers using the proton-induced birefringence described in Chapter 2. 
 
3.2  Experimental Procedure 
A single-mode optical fiber (Corning SMF-28) with a silica cladding and a Ge-doped 
silica core was used as a sample. The radii of the core and cladding are 4.5 and 62.5 µm, 
respectively. Protons were implanted into the optical fiber using a Pelletron ion accelerator 
along a length of 1 m at an acceleration energy of 2.4 MeV and a fluence of 3.1 × 1015 cm-2. 
The penetration depth of the 2.4 MeV protons is 62.5 µm,12) which is equal to the radius of 
the optical fiber. 
Figure 3.1 shows the experimental system for evaluating the degree of polarization 
(DOP), which is defined by 
Here, S1, S2, and S3 are the Stokes parameters defined by 
2 2 2
1 2 3DOP S S S= + + .? ? ? ?        ? ? (3.1) 
2 2 2 2
1 x y x yS E E E E⎡ ⎤ ⎡ ⎤= − +⎣ ⎦ ⎣ ⎦ ,      ?       (3.2) 
2 2
2 2 cosδx y x yS E E E E⎡ ⎤= +⎣ ⎦ ,    ?         (3.3) 
2 2
3 2 sin δx y x yS E E E E⎡ ⎤= +⎣ ⎦ ,              (3.4) 
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where Ex and Ey are the x- and y-components of the electric field of light propagating along 
the z-direction, and δ and <···> represent the phase difference between Ex and Ey and the 
average over a period, respectively. S1 indicates the normalized average power of the light 
components linearly polarized along the x- and y-directions. Further, S2 is the normalized 
average power of the light component linearly polarized at π/4 rad, for which δ = 0 or π rad, 
and S3 is that of the light component circularly polarized, for which δ = π/2 rad. It is clear 
from eq. (3.1) that the DOP becomes unity for a light with a unique polarization state, namely 
completely linear or circular polarization. It becomes zero for a perfectly unpolarized light. 
Using a superluminescent diode with a central wavelength at 1480 nm and a full width at 
half maximum of 110 nm as well as a polarization controller that changes δ and a polarization 
analyzer, DOP was measured for the optical fiber before and after the ion implantation and 
also after several fibers had been spliced. It was also evaluated for PANDA fibers spliced on 
each other. 
 
3.3   Results and Discussion 
Figure 3.2 shows a polarization microscopy image of a cross section of the optical fiber 
into which protons were implanted at acceleration energy of 2.4 MeV. The portion at which 
the implanted protons stopped can be seen as a bright arc in Fig. 3.2. This indicates that the 
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refractive index of the fiber increased owing to densification,9,10,13-16) which confines the 
incident light. The bright portion with a high refractive index turns out to be the slow axis.11) 
Note that the dark portion at the bottom right is due to a crack caused by cutting the fiber. 
Table 3.1 shows the DOP values of the samples examined. The proton-implanted sample 
2 seems to show a certain depolarization effect, since its average and minimum DOP values 
for perfectly polarized incident lights are 0.49 and 0.024, respectively, which are much 
smaller than the corresponding values for sample 1. However, its maximum DOP is as high as 
0.95, indicating that the light that passes through the sample is still almost perfectly polarized. 
The reason for this large DOP seems to be the fact that the slow axis of sample 2 is arc-shaped, 
as shown in Fig. 3.2. 
Aiming at reducing its maximum DOP, sample 2 was cut into halves, which were then 
spliced on each other, holding their slow axes at a mutual angle at which DOP was lowest. 
The sample 3 thus obtained shows the minimum, average, and maximum DOP values of 0.7 × 
10-2, 1.9 × 10-1, and 3.7 × 10-1, respectively, as shown in Table 3.1. 
Furthermore, a fiber similarly proton-implanted over a length of 0.5 m was spliced on 
sample 3 and denoted sample 4. The depolarization effect for reducing the maximum and 
average DOP values is most effective in sample 4, which shows the minimum, average, and 
maximum DOP values of 0.6 × 10-2, 4.6 × 10-2, and 8.6 × 10-2, respectively. Sample 5 is a 
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Lyot-type depolarizer, where an optical fiber implanted along a length of 0.5 m was spliced on 
another fiber implanted to a length of 1 m. The minimum, average, and maximum DOP values 
obtained for this sample are 0.1 × 10-2, 7.2 × 10-2, and 1.4 × 10-1, respectively. The difference 
between the minimum and maximum DOP values is quite large, meaning that the 
depolarization effect of sample 5 depends on the polarization state of incident light. 
Moreover, on sample 4, two more proton-implanted fibers with a length of 0.5 m each 
were spliced similarly; the resulting sample was denoted sample 6. Sample 7 was formed by 
splicing a 1-m-long implanted fiber on sample 4. As shown in Table 3.1, sample 6 has the 
lowest DOP, which is almost similar to that of sample 4, whereas sample 7 has a higher DOP 
than sample 4. This means that the splicing three or five proton-implanted fibers each with a 
length of 0.5 m at appropriate mutual angles is most effective in depolarizing incident light. 
In order to compare the depolarizing effect, PANDA fibers were also examined. Samples 
8 and 9 consist of two and three PANDA fibers each with a length of 0.5 m, respectively, 
which were spliced at a mutual angle that gave the lowest DOP. If comparison is made among 
the proton-implanted samples and PANDA samples with the same number of spliced fibers, 
the DOP values are similar between samples 3 and 8 and between samples 4 and 9. Thus, it is 
clear that the present proton-implanted and spliced fibers have depolarizing effects similar to 
those of PANDA fibers. This in turn indicates that a similar depolarizing effect is expected if a 
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Lyot-type structure similar to sample 5 is formed using PANDA fibers. 
Figure 3.3 shows microscopy images of the cross sections at the two spliced points of 
sample 4, which consists of three spliced fibers. The solid and broken lines denote the 
tangential lines of the slow axes in the spliced fibers, drawn on the assumption that they were 
formed perpendicularly to the implanted direction of ions. The slow axes in the spliced fibers 
intersect at 0.19π and 0.31π rad (~35 and ~55ο). If the slow axes were truly straight, the 
splicing angle to obtain the minimum DOP would be π/4 rad.17) However, the real slow axes 
or densified regions are semicircular. Moreover, the densified regions induce birefringence 
indirectly through the action of its induced mechanical stress in addition to its direct action.11) 
For these reasons, the best splicing angle is not π/4 rad. 
The optical loss at 1550 nm was measured to be 2.1 dB for sample 4, which consists of 
three spliced 50-cm-long proton-implanted optical fibers. On the other hand, the loss at 1550 
nm induced in sample 4 by the proton implantation can be estimated to be 0.9 dB, since the 
loss induced by proton implantation conducted under the same conditions in a similar optical 
fiber of 1 m length with no spliced points was 0.6 dB/m. This indicates that a low-loss 
depolarizer can be realized if a similar structure can be formed without splicing fibers. As 
mentioned above, birefringence is induced along the direction perpendicular to an ion 
implantation direction.11) This means that the fabrication of a depolarizer with no splicing is 
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feasible if several sections of an optical fiber are irradiated by ions while the fiber is rotated 
around its axis after the irradiation to each section. 
Fibers such as a PANDA fiber, which are usually used in the Lyot-type depolarizer, 
maintain polarization as an influence of mechanical stress. A PANDA fiber is also used as a 
temperature sensor, since its birefringence is sensitive to temperature,18) which in turn results 
in a large temperature dependence in the Lyot-type depolarizer. On the other hand, 
birefringence in the depolarizer developed in the present study is mainly due to densification 
of silica glass. Since the structural relaxation of silica glass occurs at very high temperatures 
above about 970 K,19,20) the depolarizer formed by ion implantation has a very good thermal 
stability. 
 
3.4   Conclusions 
It has been demonstrated that birefringence induced in silica-based optical fibers by 
proton implantation has a depolarizing effect. The degree of polarization of incident light with 
perfectly random polarization is reduced to 0.6 × 10-2 by splicing three fibers each implanted 
along a length of 0.5 m at mutual angles of 0.19π and 0.31π rad, which is a depolarizing effect 
similar to that of PANDA fibers. 
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  52
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Table 3.1  Comparison of degree of polarization (DOP). 
Sample DOP (×10-2) 
No. Condition Min. Ave. Max. 
1 Before implantation a) 93 96 99 
2 After implantation b) 2.4 49 95 
3 First splice c) 0.7 19 37 
4 Second splice d) 0.6 4.6 8.6 
5 Lyot-type splice e) 0.1 7.2 14 
6 Third splice f) 0.1 4.7 9.4 
7 Fourth splice g) 0.1 7.2 14 
8 Two PANDAs spliced h) 8.2 19 21 
9 Three PANDAs spliced i) 2.4 6.4 10 
 
a) A single-mode fiber with a length of 1 m. 
b) Protons were implanted along a length of 1 m. 
c) Two optical fibers each implanted along a length of 0.5 m were spliced. 
d) Three optical fibers each implanted along a length of 0.5 m were spliced. 
e) Two optical fibers implanted along lengths of 0.5 m and 1 m were spliced. 
f) Five optical fibers each implanted along a length of 0.5 m were spliced. 
g) An optical fiber implanted along a length of 1 m was spliced onto No. 4. 
h) Two PANDA fibers each with a length of 0.5 m were spliced. 
i) Three PANDA fibers each with a length of 0.5 m were spliced. 
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Figure 3.1  Schematic of the system for measuring the degree of polarization (DOP). 
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Figure 3.2  Cross-sectional image of the optical fiber implanted with protons at an energy of 
2.4 MeV, observed using a polarizing microscope. 
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Figure 3.3  Cross-sectional images of the first (a) and second (b) spliced points in sample 4, 
observed using a polarizing microscope. Broken lines denote the tangential line of the slow 
axis in the center optical fiber of the three-fiber spliced depolarizer, while the two solid lines 
denote those of the slow axes in the first and third fibers. 
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Chapter 4 
Reduction in Polarization Dependent Loss of a Planar Lightwave Circuit by 
Ion-Implantation-Induced Birefringence 
 
 
Abstract 
Reduction in polarization dependent loss of a planar lightwave circuit was achieved by 
asymmetric birefringence formed by ion implantation, in which oxygen ions were implanted 
along a diagonal of a cross-section of the planar lightwave circuit. The induced birefringence 
has a slow axis along the line perpendicular to the diagonal. In the present research, a 
decrease in polarization dependent loss of up to 3.7 dB was obtained, indicating that the 
method is effective for reducing polarization dependent loss. 
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4.1  Introduction 
Polarization dependent loss is a phenomenon that optical loss in an optical device 
changes in accordance with the polarization state of light.1) The present optical 
communication network utilizing wavelength division multiplexing requires various kinds of 
devices, such as amplifiers, add-drop modules, optical filters, and so on. These optical devices 
often have a certain amount of polarization dependent loss,2-4) which causes distortion in 
waveforms5) and worsens the signal-to-noise ratio6). Optical communication networks have 
become even more complex because they are required to be multifunctional, and as a result, 
many optical devices are used. Even though polarization dependent loss of one device is small, 
connection of many modules results in a larger cumulative effect. Accordingly, reduction in 
polarization dependent loss of each device is very important. 
Curved waveguides are fundamental components of a planar lightwave circuit in order to 
form integrated optical devices such as arrayed-waveguide gratings, optical couplers, optical 
branches, etc.7) However, curvature of waveguides induces polarization dependent loss8,9), 
since the transmission loss is different between the modes for which electric field directions 
are parallel (TE) and perpendicular (TM) to the curvature direction. Hence, efforts have been 
carried out to reduce polarization dependent loss in a curved waveguide by several methods 
such as connection of two opposite curved portions10) and insertion of a half wave-plate to 
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rotate the polarization plane11). However, these methods result in a longer waveguide, a 
complicated fabrication process, and increment of insertion loss. 
Since birefringence rotates the polarization plane, it should be able to reduce polarization 
dependent loss. Ion implantation is known to induce densification in many amorphous optical 
materials including silica glass, which can offer a precise method of controlling their 
refractive indices. Therefore, it can be applied for formation of optical devices such as 
waveguides12,13), gratings14), and photo couplers15). It has also been reported that ion 
implantation induces birefringence in optical fibers.16) In the present research, the author 
employed ion-implantation-induced birefringence having a slow axis along the line 
perpendicular to the direction of implantation into a core of an optical waveguide for the 
reduction in polarization dependent loss. 
 
4.2  Experimental Procedure 
A planar lightwave circuit with a Ge-doped silica core with a rectangular cross-section of 
6 × 6 µm2 was used. The core was formed by a chemical vapor-deposition method on a silica 
glass substrate that was used as an under cladding. The relative index difference between the 
core and the under cladding was 0.75%. Figure 4.1(a) shows a schematic of the waveguide, 
which consists of a 5 mm long curved portion with a radius of curvature 7 mm and two 
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straight portions with lengths of 10 mm and 5 mm. The top and two sides of the waveguide 
were exposed to the ambient atmosphere. 
In order to raise the refractive index largely with a low fluence, heavy ions with a large 
linear stopping power are desirable. However, implantation of foreign ions, or ionized atoms 
other than Si and O for SiO2, induces optical loss. For example, implantation of N and that of 
B, which have nuclear stopping powers similar to O, are known to induce additional losses by 
forming SiOxNy and B2O3, respectively17). From this viewpoint, the author chose oxygen ions 
for the present experiment. 
Singly charged oxygen ions were implanted into the core obliquely in parallel with a 
diagonal line in a cross-section of the core, along a length of 15 mm including the curved 
portion as indicated in Fig. 4.1(a), using a 1 MV Tandetron accelerator. The ion fluence was 2 
× 1014 cm-2 and the energy was 1.3 MeV. Figure 4.1(b) is a schematic of the cross-section of 
the core, in which the ion-implanted area is shown by oblique lines. Since the penetration 
depth of 1.3 MeV oxygen ions was calculated to be 1.9 µm by SRIM 200618), the width of the 
implanted area becomes 1.3 µm as shown in Fig. 4.1(b). 
Optical transmission of the waveguide in a wavelength region from 1530 to 1610 nm 
was evaluated using an amplified spontaneous emission light source (Ando, AQ4315A) and a 
spectrum analyzer (Advantest, Q8221). Linearly polarized light was delivered from the light 
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source to the waveguide by a polarization-maintaining optical fiber (Optoquest PMF). The 
optical transmission property was measured 18 times by rotating the angle of the incident 
polarized light against the waveguide (θ in Fig. 4.1(b)) by 10ο each from 0ο to 170ο. Then, the 
polarization dependent loss was evaluated by the difference between the maximum and the 
minimum intensities of the transmitted light. 
 
4.3  Results and Discussion 
Figures 4.2(a) and (b) show transmission spectra of the waveguide as a function of 
wavelength for each polarization direction of the incident light, measured before and after ion 
implantation, respectively. As shown in Fig. 4.2(a), the highest and the lowest transmitted 
light intensities are seen at the polarization directions of 130ο and 0ο, respectively. This must 
be partly because of the structure of the present samples. Namely, the top surface of the core 
is subject to flaws. The average difference between the highest and lowest intensities over the 
whole wavelength range, namely polarization dependent loss, is 6.8 dB. On the other hand, as 
shown in Fig. 4.2(b), the highest and the lowest transmitted intensities after ion implantation 
are seen at the polarization directions of 140ο and 50ο respectively, and the polarization 
dependent loss is 3.1 dB. Therefore, the polarization dependent loss is decreased by 3.7 dB by 
the ion implantation. 
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It is known that ion implantation increases the refractive index of silica-based glass, 
which is mainly due to densification of the glass. It has been also reported that the 
densification is dependent on the energy of ions, since it is mainly induced by nuclear 
stopping power.19) Therefore, the degree of densification is proportional to the nuclear 
stopping power and the ion fluence.14) Furthermore, an experimentally obtained correlation 
between ion fluence and increase in refractive index has been reported for 2.4 MeV protons.20) 
Based on such knowledge, the degree of refractive index increase induced by the present 
oxygen ion implantation can be estimated. The nuclear stopping power of 1.3 MeV oxygen 
ions and that of 2.4 MeV protons are estimated to be 50.6 and 1.8 keV/ion, respectively, by 
numerical simulation18). This means that the degree of densification induced by oxygen ions 
with a fluence of 2 × 1014 cm-2 corresponds to that by protons with a fluence of 5.6 × 1015 
cm-2. Accordingly, the refractive index increase obtained in the present experiment is 
estimated to be 1.5 × 10-3. In addition, oxygen ion implantation with a fluence of 1 × 1015 
cm-2 into fused silica increases its refractive index by 1.0 × 10-2,21) which indicates that the 
refractive index increase induced by the present oxygen fluence is approximately 2.0 × 10-3. 
Therefore, it is assumed that the refractive index in the inverse L-shaped region shown in Fig. 
4.1(b) was increased by the amount in a range from 1.5 × 10-3 to 2.0 × 10-3. Since the ions 
were implanted along a diagonal line of the core at θ = -45ο as shown in Fig. 4.1(b), the light 
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propagating through the core with the polarization direction perpendicular to the incident 
direction, or along the θ = +45ο line would be affected most significantly by the increase in 
refractive index. Therefore, the birefringence induced should have the slow axis at θ = +45ο 
and the fast axis at θ = -45ο. It is thus expected that the linearly polarized light along the lines 
at θ = ±45ο would not change its intensity by the ion implantation except for the loss induced 
by implantation. 
In order to confirm the slow and fast axes in the ion-implanted waveguide, the difference 
in transmission intensity before and after ion implantation was measured for linearly polarized 
light at nine different wavelengths with an interval of 10 nm from 1530 to 1610 nm, with the 
polarization plane of the light being changed by 10ο steps. Figure 4.3 shows the average of the 
nine differences measured as a function of the polarization direction. The average difference 
shows a maximum at around 0ο (= 180ο), whereas no differences are seen at 60ο. This means 
that the transmitted power of the incident linearly polarized light is significantly affected by 
the birefringence when its polarization direction is 0ο, and not when the polarization direction 
is 60ο. This is a little different from the expected value. The reason for this is unknown. 
However, a difference in the effective refractive index in the outer region of the core and in its 
inner region resulting from the curvature of the waveguide9,22) should effect the result. 
Notwithstanding such difference in polarization direction, the experimental results shown in 
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Fig. 4.3 are fairly consistent with the assumption. Therefore, the polarization dependent loss 
can be reduced by rotating the polarization plane through the action of birefringence formed 
by ion implantation done obliquely in parallel with a diagonal line in a cross-section of the 
core. 
 
4.4  Conclusions 
It is confirmed that polarization dependent loss is reduced by implanting singly charged 
oxygen ions into the core of a curved waveguide obliquely in parallel with a diagonal line in a 
cross-section of the core. With this method, birefringence can be formed without insertion of a 
foreign material in any kind of optical devices with any shapes, and its degree is controllable 
by the ion species and its fluence. Therefore, this method should contribute to the 
improvement of optical devices that are affected by polarization dependent loss. 
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Figure 4.1  Schematic images of the waveguide (a) and of the cross-section of the waveguide 
core (b). The oblique lines in (b) indicate the position where ion implantation increased the 
refractive index. 
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Figure 4.2  Transmission spectra of the waveguide as a function of wavelength measured for 
various linearly polarized lights, before (a) and after (b) ion implantation. The polarization 
dependent loss is 6.8 dB in (a) and 3.1 dB in (b). 
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Figure 4.3  The difference in transmission intensity of each linearly polarized light before 
and after the ion implantation, averaged over the whole wavelength range from 1530 to 1610 
nm. 
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Chapter 5 
Control of Coupling Ratio by Proton Implantation for a Directional 
Coupler of Planar-Lightwave-Circuit Type 
 
 
Abstract 
By implanting protons into a cladding in the coupling region of a directional coupler of 
the planar-lightwave-circuit type at an acceleration energy that enables the protons to reach 
the center of the core, the coupling ratio of the coupler is changed periodically and 
continuously by increasing proton fluence. In the case of two optical waveguides formed in 
a planar lightwave circuit with a mutual spacing too large for optical coupling, proton 
implantation into the cladding between the waveguides induces optical coupling between 
them. These results indicate that the coupling ratio of a directional coupler can be 
controlled by ion implantation. 
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5.1  Introduction 
Optical communication using wavelength division multiplexing requires many optical 
devices capable of adding, dropping, and filtering light.1-6) A directional coupler is one of the 
most important elements for such purposes. Two different types of directional coupler, namely, 
the optical-fiber type2,7) and planar-lightwave-circuit (PLC) type8) are on the market. As for 
the directional coupler of the former type fabricated by splicing two stretched optical fibers, 
its coupling ratio can be monitored during the manufacturing process. Although the PLC-type 
coupler is superior in integration, its coupling ratio is liable to shift from the designed value 
since the ratio cannot be adjusted during the production process. For the purpose of correcting 
the erroneous shift in coupling ratio, ultraviolet light is sometimes irradiated on two cores of a 
PLC to increase their refractive indices.9) However, this method is only applicable to PLCs 
with cores specially sensitized to ultraviolet light by a method such as hydrogen loading into a 
Ge-doped SiO2 glass core. 
It has been reported that proton implantation into silica-based optical devices can 
functionalize them owing to the densification of the implanted region.10-12) As a preliminary 
trial, it was demonstrated that the coupling ratio of a coupler can be adjusted by implanting 
protons into an appropriate area at a suitable acceleration energy.13) In the present research, 
the author further demonstrate that proton implantation can change the coupling ratio 
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periodically and continuously and estimate the increment in coupling coefficient as a function 
of proton fluence. Furthermore, optical coupling is shown to be induced by proton 
implantation between two optical waveguides in a PLC that are barely coupled with each 
other. 
 
5.2  Experimental Procedure 
Figure 5.1 shows schematic images of a cross section (a) and core patterns around the 
coupling region (b) of a PLC-type directional coupler used for the experiment. To prepare the 
coupler, first a SiO2 glass layer was deposited on a Si substrate to form a lower cladding, on 
which a Ge-doped SiO2 glass core with a square cross section of 8 × 8 µm2 was formed. Then, 
the core was buried by depositing a 15-µm-thick SiO2 glass upper cladding. All these layers 
were formed by a flame hydrolysis deposition method. The refractive index of the core is 1.45, 
and the relative refractive index difference ∆n is 0.32%. While the length of the coupling 
region z was set to be 5.0 mm, the spacing between the two cores (s) at the coupling region 
was either 3 or 15 µm. The couplers with s = 3 and 15 µm are called samples A and B, 
respectively. 
A Pelletron accelerator at the National Institute of Advanced Industrial Science and 
Technology, Tsukuba, Japan was used to implant protons into the sample in a vacuum of 1 × 
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104 Pa at room temperature in an experimental setup, as shown in Fig. 5.2. To secure a 
relatively uniform implantation, the protons were passed through an Al foil (density: 2.7 
g/cm3) with a thickness of 25 µm. A Ni stencil mask was used to limit the implantation within 
a rectangular region on the cladding between the two cores. The rectangular width w values 
were set to be 2.5 and 5.0 mm for samples A and B, respectively. 
As shown in Fig. 5.1(b), P1, P2, and P3 stand for the optical powers of the input, through, 
and cross lights, respectively. To estimate the coupling ratio of each sample, the optical 
transmission ratios of P2/P1 and P3/P1 were measured during the proton implantation in the 
wavelength range from 1530 to 1570 nm by inputting unpolarized light into port 1 using an 
optical source (Ando AQ4315A) and a spectrum analyzer (Advantest Q8384). 
 
5.3  Results 
Figure 5.3 shows the normalized proton distribution calculated by SRIM200814) when 2 
MeV protons were implanted into SiO2 (density: 2.2 g/cm3) through an Al foil (density: 2.7 
g/cm3) with a thickness of 25 µm. It is shown that most protons penetrate 44 µm in total 
including the thickness of the Al foil, which corresponds to a penetration depth of 19 µm in 
SiO2. This is at the center of the core in the directional coupler, as shown in Fig. 5.1. 
The closed and open squares in Fig. 5.4(a) denote the changes in the coupling ratios rt = 
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P2/(P2 + P3) and rc = P3/(P2 + P3), respectively, as a function of proton fluence, measured at 
1550 nm for sample A, while those in Fig. 5.4(b) show the changes measured for sample B. 
The solid and broken curves in Fig. 5.4, which are theoretical curves, are explained below. In 
both samples A and B, rt and rc periodically change their intensities with an increase in proton 
fluence so that rt shows maxima or minima at the fluences where rc shows minima or maxima, 
respectively. However, the periodicity is not complete, since rc that shows a first maximum 
before the proton implantation exhibits a first minimum at a fluence of 1.0 × 1015 cm-2 and a 
second maximum at 2.3 × 1015 cm-2, as shown in Fig. 5.4(a). Furthermore, the coupling ratio 
does not reach 1.0 and/or 0 after the implantation, as shown in Fig. 5.4. The author carried out 
similar measurements in the wavelength range from 1530 to 1570 nm at intervals of 0.1 nm, 
and essentially the same results were obtained in all measurements. 
 
5.4  Discussion 
The electric field intensity of the transmission light is strongest at the center of the core, 
since the present sample with ∆n = 0.32% and a square core of 8 × 8 µm2 satisfies the 
single-mode propagation condition at 1550 nm. In this research, the acceleration energy of 
protons has been chosen so that the penetration depth becomes equal to the distance from the 
sample surface to the center of the core. When silica glass is irradiated by ions, its refractive 
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index increases along the penetration depth owing to the densification.15-17) Namely, protons 
were implanted so that they increased the refractive index of the cladding between the two 
cores at the depth at which the electric field of the transmission light in the core was strongest. 
Figure 5.4 indicates that the implantation of protons at an appropriate fluence makes it 
possible to control the coupling ratio of a directional coupler and enhance optical coupling in 
the directional coupler that can not transfer the propagating light properly owing to the very 
wide spacing between the two cores. 
As mentioned above, protons were implanted in sample A along the length of w = 2.5 
mm within the coupling region z of 5.0 mm length. Nevertheless, it is assumed for the sake of 
simplicity that the refractive index increases and the coupling coefficient χ changes uniformly 
along the entire length of z. Since the propagation constant is the same for the two cores, P2 
and P3 are expressed by the following equations:18,19) 
P2 = P1cos2(χz), P3 = P1sin2(χz).         (5.1) 
The solid circles in Fig. 5.5 show the change in χ, obtained by fitting the measurement values 
shown in Fig. 5.4 to eq. (5.1). Curves in Fig. 5.5 are drawn to approximate those χ values to 
the equation 
χ = χ0 + ∆χ[1?exp(?D/D0)],     (5.2) 
where χ0, ∆χ, D, and D0 represent the value of χ before the ion implantation, the increment in 
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χ induced by a sufficiently large fluence of protons, the proton fluence, and a constant, 
respectively. Note that the curves were obtained by assuming χ0 = 9.7 × 102 rad/m, ∆χ = 1.3 × 
103 rad/m, and D0 = 4.2 × 1015 cm-2 for sample A, and χ0 = 6.3 × 102 rad/m, ∆χ = 6.3 × 102 
rad/m, and D0 = 4.2 × 1015 cm-2 for sample B. The coupling coefficient χ is in principle 
calculable if the structure of the waveguide and the refractive indices of the core and cladding 
are known. The increase in χ shown in Fig. 5.5 is caused by the increase in refractive index of 
the cladding. 
To understand the effect induced by the ion implantation, the author conducted a 
calculation by assuming a simplified structure shown in Fig. 5.6. When the direction of 
electric field of the incident light is parallel to the y-axis shown in Fig. 5.1(a), the degree of 
asymmetry a of the waveguide is expressed by 
a = (nion2 - n22)/(n12 - nion2),    (5.3) 
where n1, n2, and nion are the refractive indices of the two cores, two outer claddings, and 
ion-implanted cladding, respectively. Using these values, χ can be obtained by solving the 
following normalized eigenvalue equation20) (5.4) for the fundamental mode and eq. (5.5), 
2 2 1 1
0 1 ion
1 11 tan tan- -b bk d n n b
b b a
⎛ ⎞ ⎛ ⎞− −− − = π − −⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠
,     (5.4) 
( )
( )( )
2 2 2 2
1 ion
2 2
1 ion
2
exp( )
2
n N N n
s
N n n d
− −χ = −− + κκ
,       (5.5) 
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where d is the core width and k0 is the wave number of the light in vacuum. The transverse 
propagation constant κ is defined by 
2 2
0 ionk N n= −κ ,       (5.6) 
where N is the effective refractive index. Furthermore, b is the normalized guide index and is 
defined by 
b = (N2 - nion2)/(n12 - nion2).      (5.7) 
Although there are some differences in conditions between the experiment and the 
assumption, the author estimates nion as a function of proton fluence using eqs. (5.3)-(5.7) and 
the results shown in Fig. 5.4, under the conditions of n1 = 1.45 and ∆n = 0.32% for both 
samples A and B before the implantation. The result is shown in Fig. 5.7. It is shown that nion 
increases to 3.0 × 10-3 at the maximum proton fluence of 3.4 × 1015 cm-2 for sample A, and 
that it increases to 2.4 × 10-3 at a fluence of 2.0 × 1015 cm-2 for sample B. Furthermore, as 
mentioned above, curves in Fig. 5.4(a) for sample A were obtained by assuming that z = w = 
5.0 mm despite the real proton implantation width of w = 2.5 mm. Therefore, the real nion 
values in the implanted region should be larger than those shown in Fig. 5.7. On the other 
hand, the author estimated that the increase in refractive index of an optical fiber core induced 
by the proton implantation at an acceleration energy of 2.4 MeV to a fluence of 1.5 × 1016 
cm-2 was approximately 2.0 × 10-3.10,21) This means that the increase in refractive index 
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induced in the present research is larger than this value. However, the refractive index 
increase estimated in the present research is still reasonable, if various differences between 
the present directional coupler and the optical fiber in our previous study, such as the structure 
and implanted region, are taken into account. 
Although the data are not shown here, the ion-implantation-induced loss observed for 
sample A was 0.8 dB after the implantation at the maximum fluence of 3.5 × 1015 cm-2 in the 
present experiment. Furthermore, rc and rt that had exhibited their respective first maximum 
and minimum before the proton implantation reached their subsequent minimum and 
maximum at a fluence of 1.0 × 1015 cm-2. The loss, 0.37 dB, which was induced in sample A 
at this fluence is much smaller than the insertion loss of about 1.0 dB commonly observed for 
directional couplers.22,23) 
As mentioned above, the experimental results shown in Fig. 5.4 agree with the calculated 
results. However, when the samples were ion-implanted, the coupling ratio did not reach 1.0 
or 0.0. Here, eq. (5.1) holds only when the propagation constant is the same between the two 
cores. If this condition is not fulfilled, the coupling ratio does not reach 1.0 or 0.0.13,24) In the 
present experiment, a stencil mask was used to implant ions only into the cladding region with 
a width of 3 or 15 µm between two cores. If the mask was not perfectly aligned, ions would 
hit the core and alter its propagation constant, which would in turn prevent the coupling ratio 
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from reaching 1.0 or 0.0. 
As shown above, the proton implantation carried out in the present experiment can 
control the coupling ratio of a PLC-type directional coupler. It can also induce optical transfer 
between the two cores, the spacing of which is too large for a directional coupler. This method 
is practically important, since the adjustment can be performed while the necessary properties 
concerned are being measured during the proton implantation. A similar method should be 
applicable to adjust the characteristics of several other optical devices with a structure similar 
to a PLC. 
 
5.5  Conclusions 
To examine the relationship between proton fluence and the coupling ratio of a 
directional coupler of a planar-lightwave-circuit type, protons were implanted into a cladding 
in the coupling region at an appropriate acceleration energy, and the protons penetrated into 
the cladding to a depth equivalent to the distance from the sample surface to the center of the 
core. This increased the refractive index of the cladding. As a result, the coupling ratio of the 
directional coupler was changed periodically and continuously by increasing proton fluence. 
In addition, the author confirmed that optical coupling can be induced by proton implantation 
between two optical waveguides formed in a planar lightwave circuit with a mutual spacing 
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too large for optical coupling. 
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Fig. 5.1  Schematic figures of a directional coupler formed in a planar lightwave circuit. Its 
cross-sectional view (a) and core patterns with ion-implanted regions (b).?
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Fig. 5.2  Experimental setup for the ion implantation. 
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Fig. 5.3  Distribution of protons implanted at an acceleration energy of 2 MeV into SiO2 
through an Al foil. 
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Fig. 5.4  Relationships between the fluence of protons and the coupling ratio for input light 
at 1550 nm measured for samples A (a) and B (b). Closed squares and solid curves represent 
measurement values and calculation results, respectively, of the coupling ratios obtained for 
the through light from port 2 (rt), while open squares and broken curves are for the cross light 
from port 3 (rc). 
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Fig. 5.5  Relationships between the fluence of protons and the coupling coefficient χ for 
samples A (a) and B (b). The closed circles represent χ obtained by the measurements, which 
are approximated to the solid curves by assuming eq. (5.2). 
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Fig. 5.6   Simplified structure assumed to calculate the refractive index of the implanted 
region. 
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Fig. 5.7  Relationships between proton fluence and refractive index of the implanted region, 
estimated for samples A (a) and B (b) using eqs. (5.3)-(5.6) and the results shown in Fig. 5.4. 
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Chapter 6 
Summary 
      In the present chapter, summary of the important results obtained in this research is 
described. Then, merits and demerits of using ion implantation for the purpose of fabrication 
and adjustment of characteristics of a waveguide-type optical control device are mentioned. 
 
Chapter 2 
To investigate the relation between the ion-implantation-induced birefringence and ion 
fluence, protons were implanted in single-mode optical fibers with two different energies, one 
being the energy with which the protons can just reach the center of the optical fiber core and 
the other being a slightly lower energy. The degree of birefringence was evaluated by 
measuring reflection spectra of Bragg gratings formed at the proton-implanted region of the 
optical fibers.  
As a result, the birefringence is induced by the stress due to the densification in the 
cladding and the refractive-index increase in the core due to the densification in the core. By 
this research, it was found that the extremely large birefringence is induced when the 
projected range of proton was equal to the radius of optical fiber. The induced birefringence 
reaches three to ten times higher than that of the conventional birefringence fibers. Since the 
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processing time required to induce birefringence is within a permissible range for industrial 
applications, the ion implantation method is expected to contribute toward the improvement 
of optical devices that control the polarization of light. 
 
Chapter 3 
An optical fiber depolarizer was developed utilizing birefringence that was induced by 
ion implantation into a silica-core optical fiber. The implanted ions were protons, and their 
acceleration energy was chosen such that the protons reach only the center of the optical fiber 
core. To evaluate the depolarization effect, the degree of polarization was measured for 
various transmitted polarized lights with different polarization states. Several 
proton-implanted fibers were spliced, holding their slow axes at a mutual angle at which the 
degree of polarization was lowest. 
By this research, it was demonstrated that birefringence induced in silica-based optical 
fibers by proton implantation has a depolarizing effect. The degree of polarization of incident 
light with perfectly random polarization is reduced to 0.6×10-2 by splicing three fibers each 
implanted along a length of 0.5 m at mutual angles of 0.19π and 0.31π rad, which is a 
depolarizing effect similar to that of PANDA fibers. 
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Chapter 4 
Reduction in polarization dependent loss of a planar lightwave circuit was achieved by 
forming asymmetric birefringence by ion implantation, in which oxygen ions were implanted 
along a diagonal of a cross-section of the planar lightwave circuit. 
By this experiment, it was confirmed that polarization dependent loss was reduced by 
implanting singly charged oxygen ions into the core of a curved waveguide obliquely in 
parallel with a diagonal line in a cross-section of the core. With this method, birefringence 
can be formed without insertion of a foreign material in any kind of optical devices with any 
shapes, and its degree is controllable by the ion species and its fluence. Therefore, this method 
should contribute to the improvement of optical devices that are affected by polarization 
dependent loss. 
 
Chapter 5 
To examine the relationship between proton fluence and the coupling ratio of a 
directional coupler of a planar-lightwave-circuit type, protons were implanted into a cladding 
in the coupling region at appropriate acceleration energy, and the protons penetrated into the 
cladding to a depth equivalent to the distance from the sample surface to the center of the core. 
In the case of two optical waveguides formed in a planar lightwave circuit with a mutual 
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spacing too large for optical coupling, proton implantation into the cladding between the 
waveguides induces optical coupling between them. 
As a result, the coupling ratio of the directional coupler was changed periodically and 
continuously by increasing proton fluence. These results indicate that the coupling ratio of a 
directional coupler can be controlled by ion implantation. This method is practically important, 
since the adjustment can be performed while the necessary properties concerned are being 
measured during the proton implantation. 
Through this research, the author indicated that the ion implantation method for the 
fabrication and adjustment of characteristics of a waveguide-type optical control device has 
the following merits, (1) To increase the refractive index, this method is very simple 
compared to other methods. (2) This method can induce larger birefringence than other 
methods. (3) Birefringence can be formed without insertion of a foreign material in a planar 
lightwave circuit. (4) Since the increase in refractive index is due to the densification of silica 
glass, this method is applicable to any silica-based optical device. (5) Distribution of 
refractive index can be controlled by adjusting implantation conditions such as ion species 
and acceleration energy. (6) Device characteristics can be controlled precisely by adjusting 
the ion fluence or monitoring the device characteristics while implanting. 
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It is of course true that the increase in refractive index cannot exceed a certain value.?
This should be taken into account, and a proper combination of various factors such as ion 
species and acceleration energy have to be carefully selected for the fabrication and the 
characteristic adjustment of a waveguide-type optical control device using this method. 
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